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In this issue of Cell Host & Microbe, OhAinle et al., 2008 report that APOBEC3H, a potent innate retroviral re-
striction factor in primates, lost its function twice independently during recent evolution in humans, stressing
an ever present trade-off between benefit and cost of protection against pathogens.Like all vertebrates, the human genome
shows numerous footprints of retroviral
infection of germ line cells leading to
irreversibly integrated endogenous pro-
viruses (ERVs, Figure 1). All currently
described ERVs, and a majority of other
related retrotransposable elements, are
inactive either because of postintegration
mutations or from more or less specific
restriction within the host cell. Given the
selective pressure to prevent retroviral
replication, a variety of restriction factors
have evolved that inhibit or block many
steps of the retroviral life cycle, including
(1) receptor interference or loss preventing
the virus from entering the host cell, (2) re-
striction during uncoating (due to the pri-
mate TRIM5 proteins and the mouse Fv1
protein), (3) restriction during virus assem-
bly (defective endogenousGag proteins in
JSRV sheep retroviruses), and (4) inhibi-
tion of virus release from the cell-surface
membrane (due to interferon induction of
tetherin, or CD317) (reviewed in Jern and
Coffin, 2008; Wolf and Goff, 2008).
Among themost intensely studied retro-
virus restriction factors are members of
the family of cytidine deaminases related
to the apolipoprotein B editing complex
(APOBEC). At least ten members of the
APOBEC gene family can be found in pri-
mates, of which the APOBEC3 (A3) genes
(Figure 1), particularly A3F and A3G, have
the greatest effect on retrovirus replica-
tion. The products of these genes inhibit
retroviruses and retroelements through
deamination of cytidine (C) to uracil (U)
on negative strands synthesized during
reverse transcription, resulting in multiple
G-to-A changes in positive-strand DNA,
leading to multiple missense and non-
sense mutations. In addition to their ef-
fects on HIV and other exogenous viruses,
A3 enzymes have also been shown to be
important for inactivation of endogenous
retroviruses and other retrotransposable196 Cell Host & Microbe 4, September 11, 2elements (Esnault et al., 2005, 2008; Jern
et al., 2007). Consistent with their role in
the evolutionary host-retrovirus arms
race, previous studies have shown posi-
tive selection among primate A3 family
members, pointing to adaptive evolution
in the interaction of primate hosts with
infecting retroviruses over millions of
years (Malim and Emerman, 2008). On
the other side, a number of viruses have
evolved mechanisms to counter A3
cellular defenses. HIV-1, for example, ex-
presses the Vif protein, which targets the
A3F and A3G proteins and marks them
for degradation in the proteasome (Harris
and Liddament, 2004; Malim and Emer-
man, 2008). Although Vif efficiently pre-
vents A3F/G packaging into HIV-1 virions,
evolutionary footprints of past A3G-medi-
atedmutations can readily be traced in the
HIV-1 genome (P.J., R.A. Russell, V.K. Pa-
thak, andJ.M.C., unpublisheddata), signify-
ing the importance of A3-mediated G-to-A
mutations during retrovirus evolution and in
thedynamicsof a host-retrovirus arms race.
As reported in this issue, OhAinle and
colleagues studied the evolution of A3H,
the most evolutionarily divergent A3
gene in primates (OhAinle et al., 2008).
The version of A3H found in macaques
efficiently inhibits HIV-1, even in the pres-
ence of Vif, as well as retrotransposition of
LINE-1 elements. However, the gene
found in most humans has no activity,
even though it is expressed equally in all
species. In the current study, OhAinle
et al. (2008) show that the inactivity is
due to mutations that cause the protein
to turn over rapidly, leading to very low
steady-state levels. Based on mutation
patterns, the humanA3H genes can be di-
vided into four haplotypes, of which three
(h1, h3, and h4; Figure 1) give rise to un-
stable protein products. Remarkably,
among the three haplotypes, they found
two independent mutations associated008 ª2008 Elsevier Inc.with the instability. Back mutations to
the ancestral type at these two sites re-
stored activity against both HIV-1 and
LINE1. This result indicates that our an-
cestors had an A3H allele that most likely
was active against modern retroviruses
and retrotransposons, but whose function
was lost no less than twice during recent
evolution. Furthermore, a population ge-
netics screen of human DNA samples
from many parts of the world showed
that the h2 haplotype encoding the stably
expressed, active protein is present at
higher frequency in African populations,
and its allele frequency decreases with
increasing distance from Africa. Taken
together, these results imply that A3H
has been subject to opposing selective
forces, with a stronger or more recent
selection pressure for its activity in Africa,
less so elsewhere in the world. Thus,
selection for antiviral activity may be op-
posed by selective pressure against
maintaining the active form ofA3H,whose
gene product may have significant muta-
genic potential, in favor of the less toxic
A3F and A3G. Greater toxicity of A3H
might derive partly from a premature
stop codon in the human and chimpanzee
homologs, described by OhAinle et al.
(2008). This mutation leads to production
of a truncated enzyme, which lacks the
C-terminal tail containing a nuclear export
signal (NES) and thus localizes mainly to
the nucleus. In comparison, the macaque
A3H protein, which has the NES, localizes
to the cytoplasm. It is possible that the nu-
clear enzymemay have greater access to,
and therefore be potentially more damag-
ing to, the host genome. Interestingly,
A3B, whose product also localizes to the
nucleus, shares a similar decrease of ac-
tive allele frequencies, also radiating out
from Africa (Kidd et al., 2007). Somewhat
surprisingly, OhAinle et al. (2008) did not
detect linkage between the inactive form
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Previewsof A3B and any of the A3H haplotypes,
despite their close genomic proximity
and related functional consequence.
Thus, at least two human APOBEC
genes appear to have been subject to
opposing forces, favoring either retention
or loss of activity, acting differently on the
different haplotypes. Hypothetically, the
situation could further have been compli-
cated by variation in the threat to our
human ancestors posed by retroviral in-
fection. The ‘‘fossil record’’ provided by
ERVs shows that all vertebrates have
been exposed to numerous waves of ret-
rovirus infections (Figure 1), with viruses
alternately entering the population, leav-
ing some members in the germline, and
subsequently becoming extinct. Previous
studies have also shown that, similar to
HIV-1, the recently integrated human-
specific ERVs, HERV-K(HML2), have
been mutated by A3F and A3G (Esnault
et al., 2008), implying that APOBEC ac-
tivity has contributed to viral extinction.
We can speculate that, following fixation
in a human/chimpanzee ancestor of the
somewhat more deleterious NES variant,
A3H became redundant in our recent
human ancestors, due to a temporary
decline in pressure from infecting retrovi-
ruses. The high maintenance cost of
A3H alleles led to selection for one or
the other inactive forms, in favor of the
related A3F and A3G genes, whose prod-
ucts are purely cytoplasmic. The differen-
tial distribution of the different haplotypes
might point to infection pressure continu-
ing longer in Africa—well after worldwide
radiation of humans—than elsewhere in
the world. The continued presence of
the active form in chimpanzees, which
also lacks the NES, could possibly be
attributed to previously described dif-
ferences in retrovirus activities after
human-chimpanzee speciation. The avail-
ability of resurrected ERVs like those from
HERV-K(HML2) (Dewannieux et al., 2006),
may provide an experimental test of some
of these ideas.
In summary, the results presented by
OhAinle and colleagues in this issue of
Cell Host & Microbe reveal the dynamics
of a host-pathogen arms race where the
continuing cost of protection may be too
much to bear in the absence of a constant
threat. A3H may become a real-time ex-
ample of how beneficial functions of a
particular gene can be eventually out-
weighed by its adverse affects.
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Figure 1. The Organization of Human APOBEC Loci on Chromosome 22 with the Deaminase
Domains, Indicated in Red and Blue, Is Shown in the Upper Left
Also shown is the structure of hA3Gwith the deaminase domain shaded and the importantmutations iden-
tified by OhAinle et al. (2008) indicated. The phylogeny of old world primates (black branches) and other
mammals (gray branches) is shown below. Approximate times of endogenization of human endogenous
retroviruses (HERVs) are indicated above the phylogeny (triangles), and the acquisition of APOBEC genes
is indicated below (wide arrow), with a scale, inmillions of years (My), shown below. Recent evolution of the
four human A3H haplotypes into inactive (red) and active (black) forms is shown in the upper right. Abbre-
viations: A3A-A3H, APOBEC3A to H; del, deletion; PTC, premature termination codon. (Modified from
Bannert and Kurth, 2006; Harris and Liddament, 2004; OhAinle et al., 2008 [this issue]).Cell Host & Microbe 4, September 11, 2008 ª2008 Elsevier Inc. 197
